Purpose: The nonhuman primate (NHP) is an important animal model for evaluating the response of the human body to radiation exposure owing to similarities between its organ structure, genome, life span, and metabolism. However, there is a lack of radiation dosimetry estimations for NHPs. The aim of this work is to construct a computational phantom of NHPs and estimate absorbed fractions and specific absorbed fractions for internal radiation dosimetry. Materials and methods: A female rhesus monkey was frozen and sectioned using a cryomacrotome. The transaxial sectioned images were imported into Adobe Photoshop for segmentation of internal organs. A total of 31 organs/tissues were identified and labeled. The segmented voxel phantom was then converted to a boundary representation (BREP) phantom to enable easy alteration of the phantom to mimic monkeys of different stature. The BREP model was then voxelized and imported into the MCNPX Monte Carlo radiation transport code for electron and photon dosimetry calculations. To estimate the appropriateness of using human phantoms as surrogate models for NHPs, absorbed fractions (AFs) and specific absorbed fractions (SAFs) of monoenergetic electrons and photons were calculated and compared with the ICRP reference newborn female phantom and a 1-yr-old female phantom. Results: Considerable differences were observed for both self-absorbed and cross-absorbed doses for some organs between the NHP phantom and newborn phantom. For example, the ratios of the self-absorbed SAF (stomach wall) Monkey to SAF (stomach wall) Newborn ranged from 0.06 at 10 keV to 0.29 at 3 MeV for photons while the corresponding ratios to cross-absorbed SAF (liver?kidney) Monkey to SAF (liver?kidney) Newborn ranged from 0.78 at 50 keV to 5.78 at 10 keV for photons. Conversely, values of self-absorbed SAF were much higher (ratios of 2. 39-4.19) for the brain and much lower for the uterus (0.51-0.61) in the monkey model compared to the newborn phantom. These dose differences can be attributed to the disparities between organ masses, shapes, and positions between the two phantoms. Conclusion: The developed NHP model can be exploited for the assessment of radiation dose to NHPs in preclinical radiation dosimetry studies and radiation therapy research. © 2019 American Association of Physicists in Medicine [https://doi.org/10.1002/mp.13936]
INTRODUCTION
Laboratory animals are widely used as models of human disease in preclinical research for the development and testing of new treatment strategies and imaging methods. 1 The animal models are also used to investigate the radiation dose exposure-response relationship. Commonly used laboratory animals include the mouse, rat, ferret, rabbit, pig, canine, and nonhuman primates (NHPs). 2 Research performed with NHPs is likely to be more fruitful since their organs structure, genome, life span, and metabolism are closer to humans than other species. Accordingly, NHPs, such as rhesus macacus and macaca fascicularis, are important animal models to mimic radiation effects on the human body. 3 Radiation therapy research and acute radiation syndrome (ARS) studies with NHP subjects are widespread owing to the similarities of dose-response relationships between humans and NHPs. [4] [5] [6] To reach the full potential of ARS studies, multimodality imaging, radiation therapy, and radiotracer development research using NHPs, suitable computational models, and radiation dosimetry data must be made available to the research community. At present, there is a lack of realistic computational models and radiation dose estimates for NHPs to enable the calculation of absorbed doses in preclinical research studies. 7, 8 As such, human models were commonly used to perform dosimetry calculations. [9] [10] [11] [12] Therefore, there is a need for such models and detailed dose estimates to fill a gap in the radiation dosimetry literature.
The aim of this work was to construct the first realistic NHP computational model and generate an exhaustive radiation dosimetry database for monoenergetic photons and electrons for subsequent preclinical studies on NHPs involving dose assessment for radiobiology studies of ARS, novel molecular imaging probes, or testing radiation therapy approaches. Both voxel-and boundary representation (BREP) surface-based representations were used to describe the internal organ structures and total body surface of the developed NHP computational phantom. The BREP phantom is represented by a polygon mesh or nonuniform rational B-splines (NURBS) to combine the advantages of stylized-and voxel-based modeling in terms of anatomical realism, scalability, and flexibility. The calculated radiation doses for the NHP phantom were compared with those of the ICRP reference newborn phantom with similar weight 13 and the RADAR 1-yr-old human phantom 14 with close body length.
MATERIALS AND METHODS

2.A. Acquisition of monkey image dataset
Image acquisition was performed at Dongguk University School of Medicine in Korea on an 8-yr-old female rhesus monkey of 75.8 cm length and 4.3 kg where MRI, CT, and cryosection images were collected. 15 The digital cryosection images were obtained at 8688 9 5792 image resolution, corresponding to a pixel size of 0.024 mm 9 0.024 mm and were then downscaled to intervals and pixel resolution of 0.1 mm 9 0.1 mm 9 0.1 mm for image segmentation. Figure 1 shows the obtained CT, MRI, and cryosection images of the rhesus monkey at the level of the head, chest, and abdomen.
2.B. Image segmentation and construction of the BREP model
Image segmentation was performed manually on color cryosection images by identifying organs and tissues of interest to produce the voxelixed phantom. The boundaries between organs and tissues were manually contoured using Adobe Photoshop â . The whole process took about 2 months under the guidance of the atlas of the monkey anatomy. 15 Each segmented region was labeled with a number referring to a particular organ or tissue ( Fig. 1) . A total of 31 organs were identified while non-identified regions, such as muscles, connective tissues, blood vessels, and adipose tissues, were assigned to a single region referred to as residual tissues. Polygon-mesh model was constructed by using the marching cubes algorithm and the visualization toolkit (VTK) 16 where the segmented contours of the voxel model were extracted and reconstructed as conformal organ surfaces and outer body contour. Following three-dimensional (3D) reconstruction, the polygon-mesh model was imported into Rhinoceros â where smooth NURBS surfaces were fitted to these polygon-mesh representations of organs and tissues. First, contours were extracted from each polygon-mesh organ model. Thereafter, a cubic NURBS surface is lofted through the contours to define starting and ending points. BREP models of the small intestine (SI) and large intestine (LI) were recreated using pipe models following the central trace of the intestine. The central trace of the pipe for the small intestine covering the reconstructed intestine region was manually created while the central trace of the large intestine was obtained from the cryosections. The thicknesses of the intestinal walls were determined through measurements performed on the images and were uniform along the whole organ. The complex bone sites, such as the skull, pelvis, and feet, were described by using the polygon-mesh geometry to keep the structure details. BREP models cannot be straightforwardly used as input to most standard Monte Carlo simulation tools. Therefore, the constructed NHP BREP model was voxelized at a resolution of 2.0 mm 9 2.0 mm 9 2.0 mm using an inhouse developed C++ code for voxelization.
2.C. Monte Carlo simulations
The extensively benchmarked MCNPX multiparticle Monte Carlo radiation transport code 17 was adopted for the simulation of particle transport of monoenergetic photons and electrons in the developed NHP model. Photon and electron sources were assumed to be uniformly distributed throughout 31 segmented source regions while monoenergetic particles were generated from the source with energy grids ranging from 0.01 to 3.0 MeV for photons and 0.1 to 3.0 MeV for electrons, respectively. In the absence of wellestablished characteristics of NHPs, the tissue density and chemical compositions of the NHP model were assumed to be similar to those recommended for humans. Therefore, the tissue density and element compositions of human organs and biological tissues were obtained from ICRP publication 89. 18 Photons were fully transported while a cutoff energy of 10 keV was set for secondary electrons to speed up the simulations without compromising the accuracy of energy deposition calculations. Particle histories were set at 1.0 9 10 7 particles per source organ at each energy for both photons and electrons. The energy deposition in source and target organs was recorded in MeV. Table I summarizes Monte Carlo simulation details according to the report of the AAPM Task Group 268. 19 
2.D. Radiation dose calculations
According to the formalism recommended by the medical internal radiation dose (MIRD) committee, the absorbed dose D to target organ r t from internal sources r s can be calculated as 20 :
where S(r s ? r t ) refers to the S-value which describes the mean absorbed dose to the target region per unit of nuclear transition in the considered source region. E i and Y i are initial energy and the yield of emitted radiation per nuclear transformation in the source region. M(r t ) is the mass of the target organ. φ is the absorbed fraction (AF) which describes the fraction of energy absorbed in the target organ from radioactivity present in the source and can be calculated as the quotient of deposited energy divided by E i . Φ refers to the specific absorbed fraction (SAF), which presents the absorbed fraction in the target organ per unit mass of the target organ. AF, SAF, and S-values are common dosimetric quantities used for the calculation of the absorbed dose in the human body and laboratory animals. The values of the AF and SAF depend on radiation type, energy, and the mass and shape of the target organ. The S-value depends on the decay scheme of the radionuclide, the energy, type, and yield of radiation per nuclear transformation, and the mass The postprocessing for the present study is described in the following section Medical Physics, 0 (0), xxxx and shape of the target organ within the computational phantom.
Prior to the development of the NHP phantom described in this work, human models were used as an approximation for the assessment of radiation doses to NHP models from studies involving the use of radiopharmaceuticals to obtain the pharmacokinetics and estimate the absorbed dose in the human body. [9] [10] [11] [12] Total body weight is the most commonly used matching criteria for substitute phantom selection while the torso length or standing height can be used as secondary criteria. 21 The weight of the ICRP reference newborn phantom is 3.5 kg (81% of the mass of the NHP phantom) while the body length of the 1-yr-old human phantom is 76.8 cm (1 cm longer than the NHP phantom). To explore the appropriateness of using human phantoms as surrogate models for NHPs, we compared the absorbed doses of the newborn phantom and the 1-yr-old pediatric phantoms to the NHP phantom. The obtained AF and SAF of monoenergetic photons and electrons can be further adopted to calculate S-values of radionuclides according to Eq. (2). Iodine-131 has been used for the therapy of differentiated thyroid cancer since 1943 22 and is still one of the most widely used radionuclides in clinical trials molecular radiotherapy. In preclinical studies, NHP subjects were used to evaluate the in vivo biodistribution and radiation safety of 131 I-labeled radiotracers. 23 S-values for Iodine-131 were therefore calculated using the decay data obtained from the radiation dose assessment resource (RADAR). 24 3. RESULTS (Table II) . The total body mass of the constructed NHP phantom was 4.3 kg. The NHP organ masses were compared with those of the ICRP reference newborn. The ratios of organ masses for the gall bladder, liver, lung, eyeballs, pancreas, and thyroid gland between the NHP and newborn are close to the total body weight ratio while the masses of adrenal glands, brain, kidney, spleen, and thymus are about 20-80% lower in the NHP compared to the newborn. Conversely, the masses of esophagus, heart, large intestine (LI) wall, salivary glands, small intestine (SI) wall, skeleton, stomach wall, tongue, ovaries, urinary bladder's wall, and uterus are 80-3000% higher in the NHP compared to the newborn. More detailed segmentation of the skeleton region of the NHP phantom is currently being carried out and new dosimetry results for substructures of skeleton system will become available soon.
3.A. Computational NHP phantom
3.B. AFs and SAFs
For all identified organs and tissues, results of radiation transport simulations were used to calculate AFs and SAFs for monoenergetic photons and electrons in the NHP phantom. Table S1 summarizes the SAFs for 31 photon source organs/tissues and 31 target tissues at 20 energy data points whereas Table S2 presents the SAFs for the same organs/tissues for electron sources at 13 energy data points. The wall and content uptakes of radiation in alimentary tract organs (e.g., stomach, LI and SI contents and walls) were independently considered in the dosimetric results. Figure 3 shows the self-absorbed fractions of photons and electrons for the skin, brain, eye lens, kidney, liver, lung, skeleton, spleen, thyroid gland, ovaries, and uterus. The photon and electron AFs decrease with particle energy. For photons, the skeleton shows the highest self-absorbed fractions owing to its high density while the eye lens yields the lowest self-absorbed fraction values because of its small volume. Figure 4 shows the cross-absorbed fractions for the kidney irradiating surrounding organs. The photon cross-absorbed AF curves follow a sharp increase until they reach a local maximum at 0.03 MeV. After these maximum values, the lines follow a gradual reduction, indicating that raising photon energy facilitates the escape of recoil electrons and scattered photons from the target organ. The electron crossabsorbed fraction curves increase with energy. Figure 5 shows the self-absorbed SAFs for photon and electron sources in major organs. All SAF curves decrease with increase particle energy. The eye lens presents the highest self-absorbed SAF owing to its small mass. Conversely, the skin displays the lowest self-absorbed SAF values because it has the biggest tissue mass, and its position and thickness facilitate the escape of radiation. Figure 6 compares the self-absorbed SAF and cross-absorbed SAF between the newborn phantom and the NHP Total Body 4300 3317 a Non-identified regions, such as muscles, connective tissues, blood vessels, and adipose tissues, were assigned to a single region, referred to as residual tissues.
Medical Physics, 0 (0), xxxx phantom. Considerable differences were observed in both self-absorbed dose and cross-absorbed doses for some organs. The self-absorbed SAF of the uterus in the NHP phantom was 40-50% lower than the newborn model. Ratios of the self-absorbed SAF (stomach wall) Monkey to SAF (stomach wall) Newborn ranged from 0.06 at 10 keV to 0.29 at 3 MeV for photons while the ratios of self-absorbed SAF (brain) Monkey to SAF (brain) Newborn ranged from 2.39 at 50 keV to 4.19 at 10 keV for photons. The ratios of crossabsorbed SAF (liver?kidney) Monkey to SAF (liver?kidney) Newborn ranged from 0.78 at 50 keV to 5.78 at 10 keV for photons. Figure 7 compares the self-absorbed and cross-absorbed SAFs (liver as source organ) between the 1-year-old model and the NHP model. The ratios of the self-absorbed SAF (thymus) Monkey to SAF (thymus) 1-yr-old ranged from 4.26 at 2 MeV to 8.46 at 10 keV for photons while the ratios of selfabsorbed SAF (uterus) Monkey to SAF (uterus) 1-yr-old ranged from 0.23 at 10 keV to 0.36 at 2 MeV for photons.
3.C. S-values
Table III compares the self-absorbed S-values for 131 I in the NHP phantom and published results for the newborn and 1-year-old female phantoms. S-values of the liver, lung, and thyroid in the NHP phantom are close to those of the newborn model (absolute differences are less than 8%) while the S-value of the ovaries in the NHP phantom is close to that of the 1-yr-old female (absolute difference of 7%). S-values of the adrenals, brain, kidneys, spleen, and thymus in the NHP phantom are appreciably larger than their human model counterparts while the S-values of the esophagus and uterus of the NHP phantom are substantially lower than those of human phantoms.
DISCUSSION
Accurate dosimetry calculations to various species used in preclinical research are important for optimizing the dose regimes for various radiopharmaceuticals and to investigate the collective absorbed dose and radiation risks associated with diagnostic imaging and radionuclide therapy procedures. For computational dosimetry, the use of NHP computational phantoms provides improved anatomical realism over surrogate human phantoms. With the use of computational NHP phantoms, it is possible to estimate organ absorbed doses, the quantity of interest, whereas previous studies of external irradiation in ARS research relied on entrance surface dose measurements. In this work, we developed the first NHP computational model which may help improving dosimetry for nuclear medicine studies of radiopharmaceuticals and organ dose calculations for NHPs in radiation therapy research and ARS studies. Furthermore, dosimetric quantities, including AFs and SAFs for monoenergetic photons and electrons, were also systematically reported for internal radiation dosimetry. Of importance to AF and SAF estimations are the masses and 3D shapes of source and target organs, which might vary significantly between different computational models. We compared the dose estimates between the NHP phantom, ICRP reference newborn phantom, and 1-yr-old female phantom. Although the total body mass of the NHP phantom is close to the newborn, significant differences were observed between the two models for SAFs. The self-absorbed SAFs of the uterus and stomach wall in the NHP phantom are significantly lower than for the newborn phantom, whereas the self-absorbed SAF of the brain is considerably higher in the NHP phantom. The body length of the NHP phantom and the 1yr-old female are almost similar; however, the SAFs are considerably different between the two models for some organs. The results shown in Fig. 7 for photon sources in the kidney, liver, lung, spleen, and thymus indicate substantially higher values of self-absorbed SAFs per photon emission in the NHP phantom compared to the 1-yr-old female phantom, whereas SAF (uterus) Monkey is significantly lower than SAF (uterus) 1-yr-old .
NHPs are often used to study the pharmacokinetics in preclinical studies to estimate the radiation dose in the human body; 25 however, radiation dosimetry calculations for NHPs are rarely done owing to the lack of a realistic NHP computational model. The reported NHP model provides a reliable model for radiation dosimetry studies. However, in preclinical research, the anatomy of NHPs may vary along different weights, heights, and age, and as such, more studies on the effect of anatomy variations on NHP radiation dosimetry may be needed. Another limitation of this work is the homogeneous skeleton where the density of cortical bone is used as The AF and SAF of photons and electrons were used to calculate the S-values of 131 I in the NHP phantom. For radionuclide sources, although the total body mass of the NHP phantom is between the newborn and 1-yr-old models, the self-absorbed S-values to the adrenals, brain, kidneys, spleen, and thymus in the NHP phantom are much higher than those observed in either the newborn or 1-yr-old phantom. Differences in AFs, SAFs, and Svalues can be attributed to several parameters, including the masses and shapes of the source and target organs, orientations, and positions with respect to one another in a given computational model. For instance, the mass of the lung, liver, and thyroid in the NHP phantom are similar to those in the newborn phantom. Therefore, differences in S-values for these organs between the two models are <8%. The dosimetry database provided in the Supplemental materials can be exploited for the calculation of S-values and absorbed doses for various radionuclides and radiotracers in preclinical studies involving the use of NHP models.
CONCLUSION
We developed the first NHP voxel-based and NURBSbased computational phantoms based on tomographic images and color cryosection images. The AFs and SAFs of monoenergetic photons and electrons were generated for radiation dose calculations in preclinical research where the use of NHP subjects offers significant advantages over other laboratory animals. The NHP computational model described in this work can solve the problems arising from the use of human phantoms in research studies involving the use of NHPs. Future studies will focus on enhancing the skeleton system by adding detailed structures of cortical bone, trabecular bone, RBM, and YBM to the NHP phantom. The NHP dosimetry database can be exploited for the assessment of radiation dose to NHPs from novel radiopharmaceuticals. The NHP model can also be used to generate a large number of NHP models by varying the anthropometric characteristics of the developed anchor model for personalized dosimetry calculations.
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